Objective: Hostile infrarenal neck characteristics are associated with complications such as type Ia endoleak after endovascular aneurysm repair. Aortic neck angulation has been identified as one such characteristic, but its association with complications has not been uniform between studies. Neck angulation assumes triangular oversimplification of the aortic trajectory, which may explain conflicting findings. By contrast, aortic curvature is a measurement that includes the bending rate and tortuosity and may provide better predictive value for neck complications. Methods: Data were retrieved from the Heli-FX (Aptus Endosystems, Inc, Sunnyvale, Calif) Aortic Securement System Global Registry (ANCHOR). One cohort included patients who presented with intraoperative endoleak type Ia at the completion angiogram as the indication for EndoAnchors (Aptus Endosystems), and a second cohort comprised those without intraoperative or late type Ia endoleak (controls). The aortic trajectory was divided into six segments with potentially different influence on the stent graft performance: suprarenal, juxtarenal, and infrarenal aortic neck (L30 to L10 mm, L10 to 10 mm, and 10-30 mm from the lowest renal artery, respectively), the entire aortic neck, aneurysm sac, and terminal aorta (20 mm above the bifurcation to the bifurcation). Maximum and average curvature were automatically calculated over the six segments by proprietary custom software. Aortic curvature was compared with other standard neck characteristics, including neck length, neck diameter, maximum aneurysm sac diameter, neck thrombus and calcium thickness and circumference, suprarenal angulation, infrarenal angulation, and the neck tortuosity index. Independent risk factors for intraoperative type Ia endoleak were identified using backwards stepwise logistic regression. For the variables in the final regression model, suitable cutoff values in relation to the prediction of acute type Ia endoleak were defined with the area under the receiver operating characteristic curve. Results: The analysis included 64 patients with intraoperative type Ia endoleak and 79 controls. Logistic regression identified only aortic neck calcification and aortic curvature, expressed over the juxtarenal aortic neck, the aneurysm sac, and the terminal aorta, as independent predictors of intraoperative type Ia endoleak. Conclusions: Together with aortic neck calcification, aortic curvature appears to be the best predictor of intraoperative type Ia endoleak, as expressed within the juxtarenal aortic neck, the aneurysm sac, and the terminal aorta. Aortic neck angulation was not a predictor for acute failure. Aortic curvature may provide a better anatomic characteristic to define patients at risk for early complications after endovascular aneurysm repair. (J Vasc Surg 2016;63:596-602.) 
Endovascular aneurysm repair (EVAR) is the preferred treatment for infrarenal abdominal aortic aneurysms. Challenging aortic neck morphology is considered the most limiting factor that increases the risk of migration and type Ia endoleak. 1 Aortic neck length, neck diameter, maximum aneurysm sac diameter, neck calcification, neck thrombus, and aortic neck angulation have been associated with aortic neck-associated complications. [2] [3] [4] [5] [6] [7] [8] [9] [10] Although a short neck length was a significant predictor in all but one study, reports on the effects of other predictors are inconsistent. In particular, the data on aortic neck angulation, a measure commonly used to define a patient's suitability for EVAR, have been conflicting. 2, 3, 5, [7] [8] [9] [10] These inconsistent findings may relate to heterogeneous definitions and methodology for measuring neck angulation. As an alternative to neck angulation, we suggest the use of aortic curvature to define the aortic neck trajectory. Curvature provides several practical advantages, including full automation of the calculation, calculation of local maximum or average curvature over specific segments of trajectory, localization of the largest curvature, and visualization of curvature over the entire aortic neck and aneurysm. As well, curvature includes aortic bending rate and tortuosity measurements over the center lumen line (CLL) and may thus provide an index more sensitive to localized irregularities in trajectory. The current analysis was undertaken to investigate the hypothesis that aortic curvature is a better predictor of type Ia endoleak than other measurements because it more accurately describes the actual bending of the aortic trajectory.
METHODS
The Heli-FX (Aptus Endosystems, Sunnyvale, Calif) Aortic Securement System Global Registry (ANCHOR) database provides a population with a high incidence of aortic neck complications after EVAR, including type Ia endoleaks (NCT01534819). 11 Institutional Review Board or Ethics Committee approval was obtained at each site, and each patient signed written informed consent. 12 The ANCHOR data set provided a cohort of patients with intraoperative type Ia endoleaks after stent graft implantation. A control cohort comprised patients without type Ia endoleaks treated outside of the ANCHOR study. These patients were treated at three sites participating in the ANCHOR study: Yale School of Medicine (New Haven, Conn), University of Alabama, (Birmingham, Ala), and St. Antonius Hospital (Nieuwegein, The Netherlands). The control group was treated before the availability of EndoAnchors (Aptus Endosystems Inc), but all patients were treated after January 1, 2009. Investigational Review Board approval was obtained for the control cohort, with exemption from patient consent for review of deidentified computed tomography (CT) data sets. Imaging protocols were performed according to each institution's standard of care, and all data for this study were processed and registered by an independent core laboratory (Syntactx, New York, NY).
Study population. There were 462 patients in the ANCHOR database and 121 in the control group at the time of the current analysis. Among the 462 patients treated with EndoAnchors, EndoAnchors were implanted in 345 during the primary EVAR. EndoAnchors were used to treat intraoperative type Ia endoleaks in 75 patients. This group comprises the intraoperative endoleak (IE) cohort of the current analysis and was compared with the control cohort of 121 patients who did not have type Ia endoleaks at the time of the procedure or over follow-up averaging 12 months.
Patients were included in the current analysis when (1) the preoperative baseline CT scan included at $30 mm proximal of the lowest renal artery and at $10 mm distal of the aortic bifurcation; (2) a well-defined CLL could be generated that covered the trajectory 30 mm proximal of the lowest renal artery to 10 mm distal of the aortic bifurcation in the right common iliac artery; and (3) accurate localization of the following anatomic landmarks: origin of the lowest renal artery, distal end of aortic neck (10% increase in aortic diameter compared with the aortic diameter at the level of the lowest renal artery), and the aortic bifurcation. Exclusion criteria were prevalence of late type Ia endoleak for controls, an aortouniiliac stent graft, and implantation of a proximal cuff. The analytic data set consisted of 64 IE patients and 79 controls who met these criteria. Thirty-two IE patients (51%) in this study were also included in a recent study of Jordan et al. 10 The median CT slide thickness was 2.5 mm (interquartile range, 1.25-3.0 mm).
Measurement protocol. Core laboratory measurements were performed with iNtuition imaging software (TeraRecon, Foster City, Calif). The CLL was automatically drawn through the lumen center of the aorta and common iliac arteries and was manually adjusted as necessary. The aortic neck diameter was defined as the average diameter derived from the outer wall circumference at the level of the lowest renal artery. Aortic neck length was measured as the CLL distance between the origin of the lowest renal artery and the distal end of the aortic neck (10% increase in aortic diameter compared with the aortic diameter at the level of the lowest renal artery). The maximum aneurysm sac diameter was the average diameter derived from the outer wall circumference in a plane perpendicular to the longitudinal aneurysm axis.
Suprarenal angulation was measured as the angle between three fixed points on the CLL, 20 mm proximal of the lowest renal artery, at level of the lowest renal artery and at the distal end of the neck. Infrarenal angulation was measured with two different methods. Each method used the same two proximal fixed points along the CLL: the lowest main renal artery and the distal end of the neck. The third point was measured (1) along the CLL 40 mm distal of the aortic neck or (2) at the aortic bifurcation flow divider. The methodology is described by Ouriel et al. 13 The aortic neck tortuosity index was calculated as the aortic neck length over the CLL divided by the Euclidean distance between the proximal and distal end of the neck. Neck thrombus thickness was defined as the average thickness of mural thrombus over the circumference on the orthogonal slice 5 mm distal of the lowest renal artery. This aortic level includes the target zone for deployment of devices in most patients. Thrombus circumference was the total degree of circumference, covered by >1-mmthick thrombus (360 is total coverage). Neck calcification was calculated in a similar fashion as the average thickness and total circumference of >1 mm calcification on the orthogonal slice 5 mm distal of the lowest renal artery.
Anatomic landmarks were marked at the origin of the lowest renal artery, the distal end of the aortic neck, and the aortic bifurcation at the flow divider. The Cartesian coordinates of the CLL through the aorta and right common iliac artery and the anatomic landmarks were exported from the iNtuition measurement Digital Imaging and Communications in Medicine (DICOM; National Electrical Manufacturers Association, Rosslyn, Va) files and imported into MATLAB 2013b software (The MathWorks, Natick, Mass) for further analysis. Proprietary custom software was developed for the purpose of calculating the aortic curvature. The software enables automatic calculation of the maximum and average curvature over six specific segments in the aortoiliac trajectory.
The curvature (k) was calculated by numeric computation, using the mathematical definition of extrinsic linear curvature. Curvature is expressed in units of m À1 ; k ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ðz 00 y 0 À y 00 z 0 Þ 2 þ ðx 00 z 0 À z 00 x 0 Þ 2 þ ðy 00 x 0 À x 00 y 0 Þ 2 q ðx 02 þ y 02 þ z 02 Þ 3=2 x, y, and z are the CLL Cartesian coordinates, 0 is the first derivative, and 00 is the second derivative.
Six aortic segments were defined to analyze locations that might have a different influence on the stent graft performance with respect to apposition (position, fixation, and sealing) in the aortic neck (Fig 1) . Three main segments were anatomically defined: the aortic neck (between lowest renal artery and start of the aneurysm), the aneurysm sac (between end of the infrarenal neck and 20 mm proximal of the origin of the common iliac artery), and the terminal aorta (between 20 mm proximal of the origin of the common iliac artery and the origin of the common iliac artery itself). The aortic neck was divided into the suprarenal aortic neck (30 mm to 10 mm proximal of lowest renal artery), the juxtarenal aortic neck (10 mm proximal of lowest renal artery to 10 mm distal of lowest renal artery), and the infrarenal aortic neck (10 mm to 30 mm distal of the lowest renal artery). The mean and maximum curvature were automatically calculated over each of the six segments ( Fig 2) .
Statistical analysis. Statistical analysis was performed with SPSS 22 software (IBM Corp, Armonk, NY). P values were considered significant when the two-tailed a was < .05.
Differences in continuous baseline characteristics were calculated with a one-way analysis of variance. Differences in the nominal variable (stent graft type) were calculated using cross tabulation and the Pearson c 2 test after excluding patients with an unknown device. The Kolmogorov-Smirnov test was used to test for normality.
In the IE group, normally distributed variables were the diameter at the lowest renal artery and average curvature over the suprarenal aortic neck. In the control group, normally distributed variables were the diameter at the lowest renal artery, neck length, maximal curvature over the infrarenal aortic neck, average curvature over the infrarenal aortic neck, and average curvature over the aneurysm sac. The variables are described as median and the interquartile range.
The predictive value of variables that have previously been associated with type Ia endoleak and curvature was tested by binary logistic regression. The variables previously associated with type Ia endoleak included aortic neck diameter, neck length, maximum aneurysm sac diameter, suprarenal angulation, infrarenal angulation, infrarenal angulation to the bifurcation, neck tortuosity index, neck thrombus, and neck calcification. Maximum and average curvature were tested over the six aortic segments. Highly intercorrelated variables were excluded to reduce the effects of multicollinearity. 14 For the significant predictors, the receiver operating characteristic curve was used to define suitable cutoff values in relation to prediction of acute type Ia endoleak. Values above the cutoff thresholds were associated with an increased risk for acute type Ia endoleak. The optimal cutoff value was defined as the value where the average of both sensitivity and specificity were maximized.
RESULTS
Baseline characteristics. The baseline characteristics are reported in Table I . Differences between the groups in neck length (shorter in the IE group), neck calcification (greater thickness and circumference in the IE group), treatment outside instructions for use (IFU), and stent graft type were significant. Maximum curvature over all six segments and average curvature over all segments but the suprarenal aortic neck were significantly different. The neck angulation was not significantly different between groups.
Multivariable regression analysis. Excluded from the regression analysis were the highly intercorrelated variables of infrarenal angulation, infrarenal angulation to the bifurcation, thrombus circumference, calcification thickness, maximum curvature over the sections of the juxtarenal aortic neck, infrarenal aortic neck, aortic neck, aneurysm sac and terminal aorta, and average curvature over the sections of the suprarenal aortic neck and aortic neck. Included in the regression analysis were the other variables: diameter at the lowest renal artery, neck length, maximum aneurysm sac diameter, suprarenal angulation, tortuosity index, thrombus thickness, calcification circumference, maximum curvature over the suprarenal aortic neck, and average curvature over the segments the juxtarenal aortic neck, infrarenal aortic neck, aneurysm sac, and terminal aorta.
Significant predictors for intraoperative type Ia endoleak were calcification circumference and average curvature over the segments of the juxtarenal aortic neck, aneurysm sac, and terminal aorta (Table II) .
The percentage of correct prediction of the outcome based on chance alone was 55.2%. The logistic regression model improved the level of correct prediction to 71.3%.
The Hosmer-Lemeshow c 2 was 8.069 (P ¼ .427), indicating that the model fits the data.
The area under the receiver operating characteristic curve of the predicted values of probability of the regression model was 0.773 (95% confidence interval, 0.698-0.849; P < .001), indicating that the model provides significantly better prediction of intraoperative type Ia endoleak than chance alone. The area under the curve of the final model is higher than any of the anatomic variables by themselves (Table III; Fig 3) .
Cutoff values. Optimal cutoff values for curvature were determined for the juxtarenal aortic neck (21 m À1 ) aneurysm sac (25 m À1 ), and terminal aorta segments (28 m À1 ), the segments with the highest predictive value for acute type Ia endoleak (Fig 4) . The optimal cutoff for calcification circumference was 10.4 .
DISCUSSION
This analysis of the association between different anatomic variables and aortic neck complications found that aortic curvature was the best predictor of intraoperative type Ia endoleak. The multivariable regression model identified only neck calcification load and aortic curvature, measured over three segmentsdthe juxtarenal aorta, the aneurysm sac and the terminal aortadas significant determinants of intraoperative type Ia endoleak.
Short neck length has consistently been identified as a risk factor for type Ia endoleak. 2, 3, 5, 6, 9, 10 Intuitively, one would anticipate that shorter necks would be better tolerated when the neck curvature is low. We tested the interaction of aortic neck length and aortic neck curvature in the prediction of type Ia endoleaks, but no interaction was found, suggesting that curvature alone is an adequate predictor of endoleak. In contrast to findings of Jordan et al, 10 the current logistic regression did not identify aortic neck length and diameter and maximum aneurysm sac diameter as risk factors for type Ia endoleak. That report, however, evaluated early and late type Ia endoleaks, possibly accounting for the disparate findings and suggesting that these parameters might be associated with late rather than intraoperative type Ia endoleak.
Each of the six measured aortoiliac segments has a potential role in the accommodation of a stent graft to the aortic wall:
d Curvature over the suprarenal aortic neck influences the position of the bare stent in juxtarenal fixated stent grafts and may lead to the so-called windsock phenomenon during placement; d Curvature over the juxtarenal aortic neck influences stent graft placement, apposition, and fixation; d Curvature over the infrarenal aortic neck may cause the stent graft to tilt as the stiff guidewire cuts through the inner curve and may induce lateral forces on the stent graft; d Curvature over the aortic neck influences stent graft placement, apposition, and fixation and may induce lateral forces on the stent graft, but is depending on the neck length; d Curvature over the aneurysm influences the approach route and may induce lateral forces on the stent graft; and d Curvature over the terminal aorta influences the approach route of the delivery system and therefore may influence the tilt of the proximal stent graft during deployment.
Curvature of the aorta can be expressed over various centerline vessel lengths. In this study, 20-mm segment lengths were chosen in an effort to provide anatomic information over lengths relevant to current practice. For example, many devices are indicated for aortic neck lengths Indicates the increase in risk for intraoperative type Ia endoleak per unit increase in the covariate. Every increase in calcium circumference increases the risk by 1.3%. Every m À1 increase in curvature over the juxtarenal aortic neck increases the risk by 3.4%, every m À1 increase over the aneurysm sac increases the risk by 5.4%, and every m À1 increase over the terminal aorta increases the risk by 3.8%. of $10 mm. The choice of a 20-mm segment length incorporates the lateral forces applied to the device over the centerline length 10 mm above and 10 mm below the renal artery level, in other words, at the aortic neck.
We hypothesize that aortic curvature influences the risk for intraoperative type Ia endoleak in two ways: (1) curvature in the distal part of the aortoiliac trajectory hampers the path of a stiff guidewire and the delivery system, potentially resulting in suboptimal placement and causing traction and tilt on the proximal part of the stent graft;
(2) curvature in the juxtarenal aortic neck predisposes suboptimal positioning with a tilted orientation proximally. Tilting may cause graft undersizing because the stent graft must conform to an elliptical aortic contour as well as insufficient apposition surface area or insufficient fixation in the aortic neck, or both. In this study, aortic curvature was strongly associated with intraoperative type Ia endoleak, a complication primarily dependent on stent graft deployment and apposition. Late type Ia endoleaks may be caused by different factors; for instance, changes in aortic (neck) morphology, such as delayed dilatation, resolution of aortic neck thrombus with loss of seal, stent graft failure, and physiologic factors related to forces on the stent graft. Future studies must be focused on the association between aortic curvature over the six segments and late complications such as type Ia endoleak and graft migration.
A limitation of the current analysis was the disparity of stent graft types in the IE and control groups. The control cohort had a lower proportion of suprarenally fixated devices, but whether this would confound the observations is unclear, particularly because there does not appear to be any relationship between suprarenal fixation and type Ia endoleak. 15 Undersizing and suboptimal placement of the endograft, potentially associated with intraoperative type Ia endoleak, are not included in this study. We believe that curvature may in fact be related to misdeployment, which will be an important topic for another study.
A significantly larger percentage of patients was treated outside the IFU in the endoleak group (P ¼ .032). Although IFU is often investigated as a binary variable (within vs outside IFU), IFU is a composite of anatomic and other baseline variables. We studied the anatomic components of IFU as individual covariates in the multivariable analysis, potentially gaining more discrete information than would otherwise have been generated. Our findings may have implications in the development of future IFU criteria.
The current analysis was limited to anatomic variables as predictors of IE. Baseline clinical covariates, such as age, gender, and medical comorbidities, cannot be excluded as predictors of endoleak, but that the effects of clinical characteristics might be primarily related to their association with anatomic measures is certainly possible; for instance, the relationship between age and aortic calcium content has been well described. 16 
CONCLUSIONS
Curvature over the juxtarenal aortic neck, aneurysm sac, and terminal aorta is an accurate predictor of intraoperative type Ia endoleak after stent graft deployment. Its predictive value appears to exceed that of standard measures of neck configuration, including suprarenal and infrarenal angulation and the aortic neck tortuosity index. Curvature can be automatically calculated after CLL reconstructions, and consideration should be made for incorporation of curvature as a standard software tool for EVAR sizing and planning, with the potential to replace angulation as the standard method of characterizing aortoiliac trajectory. 
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